Introduction
Terpenic esters are considered as flavor and fragrance compounds of economical interest in the food, cosmetic, and pharmaceutical industries. 1, 2 The broad use of these compounds was worth approximately 23.5 $ billion in 2014. 3 Esters are generally obtained by chemical synthesis or extraction from natural products. However, these methods exhibit low production yields of the desired product and are often expensive for commercial production. [4] [5] [6] [7] Esters of geraniol, especially geranyl acetate, represent a flavor with interesting odor properties. It is the major constituent of numerous essential oils, such as lime oil, which has high economical importance. 8 The flavor industry is nowadays interested in the use of biotechnological approaches for the production of natural aroma compounds. Enzymatic methods using lipases (triacylglycerol acylhydrolases E.C. 3.1.1.3) as catalysts have been used to produce a large number of commercially important flavor esters. [9] [10] [11] Production may be achieved by direct esterification [12] [13] [14] or by transesterification reactions. 15 Microbial lipases are used more than lipases derived from plants or animals. 16 Fungi are the best producers of lipases used in the food industry. 17 The biotechnological production of geranyl acetate with different sources of lipase has received much attention for many years. Geranyl acetate was produced by the transesterifiation reaction catalyzed by lipase from Candida antarctica in solvent-free medium, 18 and by direct esterification with membrane-mediated water removal. 19 Lipase from Candida cylindracea immobilized in sol-gel matrix was proved an efficient catalyst for the production of geranyl acetate by direct esterification reaction. 20 Damnjanović et al. 21 have studied the production of geranyl butyrate by using immobilized lipase from Candida rugosa in batch and fluidized bed reactors. These authors have demonstrated that the productivity of geranyl butyrate in the fluidized The objective of this paper was to study the production and the mass transfer of geranyl acetate known for its interesting green odor properties. Lipase-catalyzed geranyl acetate production via transesterification reaction with ethyl acetate in organic solvent was investigated. The production was catalyzed by using immobilized lipase from Rhizomucor miehei, and the recovery was achieved by using solid phase microextraction (SPME) fiber system (50/30 μm DVB/Carboxen/PDMS Coating). The effects of different reaction parameters on transesterification including the enzyme concentration, the substrate molar ratio, the added water, and the reaction time were firstly optimized. A higher yield of 82 % was achieved under near-anhydrous conditions at 55 °C by using an enzyme concentration of 6 % (w/w reactants), a molar ratio of geraniol to ethyl acetate of 1:5, and a reaction time of 6 h. Immobilized lipase was repeatedly used for four cycles with no decrease in reaction yield. The mass transfer of geranyl acetate from the organic to gas phase was studied theoretically and experimentally, and a transfer yield of 52.3 % was obtained. The simulation showed that the Fuller-Schettler-Giddings model exhibited good correlation with the experimental data.
bed reactor was more than five-fold higher than that obtained in the batch system. The fluidized bed reactor is mainly used in continuous industrial biosynthesis of such products. 21, 22 Once produced, the volatile compounds have to be extracted efficiently. However, after their production, such molecules may undergo changes during their extraction. Indeed, the temperature and/or solvents used in the conventional methods to extract the volatile compounds may contribute to their transformation. It is therefore important to develop an efficient and adapted system to extract these molecules with high purity while preventing their degradation. Various methods have been used to improve the extraction of volatile aroma compounds including: distillation 18 , adsorption on resins, 23 and the pervaporation methods. 24 Hydrophobicity of many aromatic compounds makes them toxic at high concentrations and can therefore inhibit enzymatic reaction if there is an excess in the medium. The simultaneous production and extraction of volatile products constitute a valuable alternative to avoid enzyme inhibition by the reaction product, and thus increase the yields of production. 25 Considerable attention has been accorded to the two-phases (liquid-gas) partitioning bioreactor configuration, in recent years, compared to conventional monophasic systems. Bi-phasic configuration has several advantages, such as: limiting the enzyme inhibition by the substrate and/or the product, and allowing a good partition of reactants between phases. The liquid-gas bi-phasic system has been used in several studies. 26, 27 Ben Akacha et al. 26 have coupled the synthesis of natural green note aroma compounds to their recovery by bubbling nitrogen, as carrier gas. These authors have demonstrated that the temperature was the most important parameter affecting the transfer of these volatile compounds from liquid to gas phase, and a maximal transfer yield of 77 % had been obtained. 26 Solid-phase micro-extraction (SPME) was first developed by Pawliszyn. 28 It is an efficient sampling technique in which the analytes in the sample are directly extracted and concentrated to the extraction fibre. This method allows saving preparation time, disposal costs, as well as improves the detection limits. The SPME has several applications in diverse fields (food, environment, polymers and explosives). The combination of SPME with gas chromatography (GC) or gas chromatography-mass spectrometry (GC-MS) was proven a sensitive and precise method for the analysis of different classes of volatile compounds from different sample matrices. 29 The purpose of this paper was to study the experimental and theoretical transfer of geranyl acetate between liquid and gas phases after its production by lipase-catalyzed transesterification reaction. We were also interested in determining the optimal parameters in the enzymatic reaction such as: enzyme concentration, two-substrate molar ratio, water content and reaction time. In addition to the synthesis of volatile aroma compounds in organic medium, their extraction is also of a crucial. The solid phase microextraction system was used in this study for the continuous extraction of geranyl acetate from the organic phase; where it is enzymatically produced, to the gas phase. In order to evaluate the mass transfer between the two compartments, a detailed mathematical model of this system was developed.
Material and methods
Immobilized lipase from Rhizomucor miehei (Lipozyme IM-20) was obtained from Novo-Nordisk A/S (Bagsvaerd, Denmark). Geraniol, geranyl acetate were purchased from Sigma-Aldrich (France). Ethyl acetate was from Eurolabo (France), and n-heptane was purchased from Panreac Quími-ca (Espagne).
Enzyme-catalyzed transesterification reaction
Ester synthesis was carried out in screw-capped test tubes (10 mL). The geranyl acetate synthesis was achieved in heptane (3 mL) in the presence of various concentrations of geraniol and ethyl acetate. The molar ratio of the used substrates (geraniol/ ethyl acetate) was varied (from 1/1 to 1/6) and the reactions were catalyzed by using 10 % (w/w reactants) of immobilized lipase from Rhizomucor miehei. The effects of lipase concentration, water content, and incubation time were also studied. The transesterification reactions were conducted at 55 °C under magnetic stirring (150 rpm). In order to study the effect of incubation time on the production yield of geranyl acetate, samples were withdrawn as a function of time, and were analyzed by gas chromatography. A sample without added lipase and which was incubated under the same conditions was used as control. The study of the immobilized lipase recycling was also investigated by reusing the same enzyme several times. In this case, and after the achievement of lipase reaction, the product was removed and the enzyme in the test tube washed with heptane, and subsequently dried in a desiccator to be reused.
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Volatile compounds extraction and analysis
The geranyl acetate was trapped on SPME fiber (50/30 μm DVB/Carboxen/PDMS Coating) in the gas phase continuously after its biosynthesis, and then thermally desorbed at 220 °C for 2 minutes in the gas chromatography (GC) injector. The geranyl acetate concentration was then measured by GC. This compound was separated on HP-INNO-WAX polyethylene glycol (PEG) (30 m × 0.25 mm) column. Injector and detector temperatures were set at 220 and 280 °C, respectively. The oven temperature mode was from 80 to 120 °C at 8 °C min -1 and then at 10 °C min -1 up to 220 °C, the final temperature was held for 20 minutes. Helium, the carrier gas, was used at a constant flow rate of 1 mL min -1 .
Study of geranyl acetate transfer from organic to gas phase
The rate of geranyl acetate transferred from liquid to gas phase was studied using microextraction on SPME fiber. The produced geranyl acetate was diffused in the organic medium under the concentration gradient. Once produced, this compound was transferred to the gas phase under the geranyl acetate vapor pressure. The transfer concentration was determined after using SPME fiber (50/30 μm DVB/Carboxen/PDMS Coating) to extract the volatile compound. SPME fiber was placed in the headspace of the sample for 20 minutes.
The bi-phasic (liquid-gas) medium temperature was maintained at 55 °C in a thermostat bath, and geranyl acetate transfer to the gas phase was measured after being produced by immobilized lipase in organic phase, as shown in Fig. 1 .
Determination of saturating concentration of geranyl acetate in gas phase
The geranyl acetate was removed from the organic phase (n-heptane) to the gas phase where it was adsorbed on the SPME fiber until reaching saturation. The saturating concentration was determined experimentally in a hermetic flask of 1 mL. Different concentrations of geranyl acetate were diluted in 500 μL of n-heptane. To determine the saturating concentration, an SPME fiber was completely placed in the head-space for 20 minutes for the geranyl acetate extraction.
Mathematical modeling
The theoretical models of mass transfer in the liquid phase are intended to allow the analysis of the training of the gaseous compounds through the liquid phase under the influence of a concentration gradient. Since there is a concentration gradient in a fluid, the volatile compound will spontaneously evolve by diffusion to a state of uniform concentration, corresponding to the thermodynamic equilibrium between liquid and gas phases. The geranyl acetate transfer rate from the liquid organic phase (n-heptane) to the gas phase is expressed as:
where K L is the mass transfer coefficient (m s -1
), G As is the saturating concentration of geranyl acetate in gas phase (mM), and G A is the instantaneous concentration of geranyl acetate in the gas phase.
where D AB represents the coefficient of mass diffusivity of geranyl acetate in the gas phase (m 2 s -1
).
Mass diffusivity coefficient
The coefficient of mass diffusivity D AB for binary mixture was theoretically determined using two equations:
The first equation used to calculate (D AB ) was the equation of Hirschfelder-Bird-Spotz modified by Willke-Lee. 30 This equation is recommended for mixtures of nonpolar gases or of polar with nonpolar gases. . 
V is the molar volume of the liquid at normal boiling point m 3 kmol -1
. This parameter was calculated from the table 30 and is equal to 0.2664 m 3 kmol -1
. T b represents the normal boiling point for geranyl acetate: 515.5 K.
The mixture parameters are then estimated from Eqs. (5), (6), (7), and (8) Then Eq. (3) gives: K L = 0.14 m s -1 .
Modeling and simulation of the transfer
The concentrations of geranyl acetate transferred from liquid to gas phase were determined experimentally and compared to the theoretical prediction values. The saturating concentration of geranyl acetate in gas phase determined experimentally was introduced into the model and the simulation was achieved by using MATLAB 6.0.
Model validation
The variation of geranyl acetate concentration transferred as a function of time, according to Eq. (2) was plotted as shown in Fig. 8 (10) where: G Ai is the transferred geranyl acetate concentration measured or predicted from the model. n is the number of G Ai measurements used for model validation.
Results and discussion

Effects of different parameters on the transesterification reaction
The effect of enzyme concentration on the yield of geranyl acetate obtained by transesterification was studied, and the results are shown in Fig. 2 . The conversion was improved and reached 80 % by using 6 % (w/w reactants) of Rhizomucor miehei lipase (Fig. 2) . Yee et al. 34 obtained a yield of about 96 % after 24 h of reaction by using 200 units (approximately 11 % w/w of reactants) of lipase from Pseudomonas sp. for the transesterification reaction of geraniol (0.1 M) and acetic anhydride (0.1 M).
Claon et al.
14 recommended an enzyme load from 2 to 10 % for the synthesis of geranyl esters by lipase from Candida antarctica.
The nature of the substrate used also presents a parameter that affects the transesterification reaction. The terpenic alcohol has an important inhibitory effect on lipase activity in the medium, and this inhibition depends also on the nature of the enzyme. 9, 34 The effect of substrate concentration on the synthesis of geranyl acetate with Rhizomucor miehei has been reported by Chatterjee et al. 9 These authors have demonstrated that the production of geranyl acetate depended on the nature of the alkyl donor. The production of geranyl acetate was carried out with ethyl and methyl acetate in a solvent-free system using Rhizomucor miehei lipase. A good conversion was found with ethyl acetate, compared to the same reaction realized with methyl acetate. Yee et al. 34 have also worked on the geranyl acetate production, and have demonstrated that lipase from R. miehei was inhibited by increasing the concentration of geraniol up to 0.3 M.
The transesterification reaction at different geraniol/ethyl acetate molar ratios was also studied in this work (Fig. 3) . Fig. 3 shows that by increasing the geraniol/ethyl acetate molar ratio to 1:5, the conversion reached 81 %. In fact, the yield of geraniol ester was improved by increasing the concentration of ethyl acetate. A yield of about 76 % was found by using 10 % of R. miehei lipase in a solvent-free system containing a ratio of 1:5 geraniol/ ethyl acetate. 9 Water has an important impact on transesterification reaction since it is the natural substrate for hydrolysis reaction. 36 Indeed, enzymes need a layer of water on their upper surface to maintain the conformation required for their catalytic activities. 37 The choice of solvent is crucial for optimal performance of the transesterification reaction. 35 Many organic compounds of commercial interest have good solubility in organic media compared to aqueous media. The polarity of organic solvents has been proved to affect the change of the energy reactive system, which is associated with the differential salvation of reactants, products, and transition-state species. It is generally reported that the use of solvents with a log p ≥ 4.0 gives higher enzyme activity and better ester synthesis. These solvents have good compatibility with enzymes and they allow preservation of the micro-aqueous layer surrounding the biocatalyst particles. 38, 39 The n-heptane (log p = 4.0) was therefore used in this study as solvent for geranyl acetate production by Rhizomucor miehei.
The effect of added water on transesterification reaction was studied in this work (Fig. 4) . All reactants were dehydrated for 24 h by using a molecular 
F i g . 3 -Effect of the substrates (geraniol/ethyl acetate) molar ratio on the R. miehei lipase-catalyzed trasesterification reaction. The reaction was incubated for 24 h in 3 mL of n-heptane containing 6 % of lipase (w/w reactants).
F i g . 4 -Effect of added water on the R. miehei lipase-catalyzed transesterification of geraniol and ethyl acetate. The reaction was realized in 3 mL of heptane containing geraniol/ ethyl acetate (1:5) and 6 % of lipase (w/w reactants).
sieve 4 A°, and the water content of the enzyme (Lipozyme IM-20) used in this study was approximately 10 % (w/w). Fig. 4 shows that the addition of water to the reaction medium leads to lower conversion. Under near-anhydrous conditions, the conversion to geranyl-acetate was 80 % (Fig. 4) . At 8 % of added water, a drop of 21 % in the yield was observed. This can be explained by the role of the substrate played by water favoring the hydrolysis re action way. 36 The hydrolysis reaction is ther mo dynamically favored when there is an excess of water, and it has also been reported that the lipase is active in nearly anhydrous reaction mixtures 5 . Ghamgui et al. 40 have demonstrated that the addition of water in a solvent-free system increases lipase-catalyzed initial rate; however, in hexane, the rate was not affected but the final conversion had decreased by the addition of water.
In order to monitor the reaction progress, we have optimized the time course of the lipase catalyzed transesterification reaction. Fig. 5 shows that the optimum time needed for lipase-catalyzed synthesis of geranyl acetate is 6 h. As shown in Fig. 5 , after 6 h of incubation with 6 % of R. miehei lipase, a yield of 82 % was reached. Conversion increased linearly during the first few hours of the transesterification reaction. After 6 h of reaction, the geranyl acetate synthesis yield stabilized around 80 %, and the thermodynamic equilibrium seemed to have been reached. Similar phenomena have been described in previous work. 15, 18 SP 435 from Candida antarctica lipase was used for geranyl acetate production. Optimum yield of 97.7 % was achieved after 8 h at 30 °C by using 0.1 M geraniol, 0.1 M vinyl acetate, and 10 % (w/w of reactants) of enzyme. 15 The reuse of enzyme in bioconversion plays an important role in reducing the cost of the overall process. The ability of immobilized R. miehei lipase to be reused was investigated in this study. The reaction was conducted for 24 h at 55 °C and the enzyme preparation was reused 9 times in the same conditions. After each run, the enzyme was washed with heptane and the solvent evaporated. Fig. 6 shows that immobilized R. miehei lipase was still active after four runs without significant change in transesterification yield. The conversion decreased to 56 % after 9 runs. The decrease of in yield seems to be due to the denaturation of the enzyme after many cycles of use. 33 Theoretical study of geranyl acetate transfer from bioconversion liquid phase to gas phase Mathematical modeling is an important means that allows the understanding of the complex behavior of different biological systems. This mathematical approach allows validation of all the studied steps of the process. It allows optimization of the process of enzyme catalysis, and improvement of the transfer that takes place in the bioreactor. This work consists of the study of geranyl acetate mobility, and especially the mass transfer between the liquid organic phase and the gas phase, which occupies the headspace where volatile molecules are specifically detected by SPME fiber (Fig. 1) . The rate of geranyl acetate transfer from liquid organic phase to gas phase in the bi-phasic medium (heptane/air) was studied by using Eq. (2). The mathematical modeling of biological systems is important for understanding their complex behavior. The simulation was applied to predict the performance of the two-phase partitioning reactor by analyzing the influence of the mass transport conditions. With improved knowledge of this phenomenon, the mass transfer of geranyl acetate in the two-phase system can be predicted as well as help in the better understanding of the process. The extraction approach using liquid/gas system can serve later for the recovery of esters produced in enzymatic reactors.
In order to study the theoretical transfer of the desired compound, it was necessary to determine two parameters: (i) the mass transfer coefficient (K L ) which was theoretically calculated by using Eq. (3), and the saturating concentration of geranyl acetate which was determined experimentally by using the SPME fiber. The saturating head space concentration of geranyl acetate of 2.2 mM was determined from Fig. 7 .
The progress curve of the geranyl acetate transferred to the gas phase during conversion was studied in the bi-phasic system at the conditions of synthesis previously optimized.
Two models that allow to distinguish the molecular diffusion mechanism of geranyl acetate were used to determine the diffusion coefficient and therefore to simulate the transfer in the bi-phasic system (Eqs. (4) and (9)). These two models allowed simulation of the evolution of geranyl acetate in the system as a function of time. The coefficient of the mass transfer was obtained theoretically, and the saturating geranyl acetate concentration was experimentally determined. The results of the simulated transfer and the experimental data are compared in Fig. 8 . Fig. 8 shows good correspondence between the theoretical evolution obtained by simulation of the geranyl acetate and the experimental results. The mean relative error between model prediction values and the measured values is shown in Table 1 . Table 1 indicates that the average difference between the experimental and the calculated values for Willke-Lee model is less satisfactory with a difference of 33 %, compared with Fuller-Schettler-Giddings model where the difference is 10 %.
The geranyl acetate transfer to the gas phase seems to be subsequent to its biosynthesis in the same reactor. After 2 h of reaction catalyzed by lipase, the geranyl acetate concentration reached 0.58 mM, corresponding to a yield of synthesis/extraction of 52.3 %. As shown in Fig. 8 , the second model (Eq. 9) permitted to obtain a good correspondence between the experimentally determined results and the simulation with the mean relative error of 10 %. In this case, the modeled rate agreed with the experimentally determined rate. The diffusion coefficient (D AB ) depends on temperature, pressure, and the nature of the component of the system. 30 ). This difference is mainly due to the variables taken into account in the Eq. (4), which is recommended for mixtures of nonpolar gases. The estimation of D AB from Willke-Lee model is based on different variables, such as: molecular separation collision, energy of molecular attraction which depends on gas properties. Whereas, the Eq. (9) uses the molecular volumes of constituent species at normal boiling points. Generally, all these variables are estimated empirically for each component of the studied systems. 
Conclusion
Lipase-catalyzed synthesis of geranyl acetate in organic solvent was studied in this research. Under the optimal reaction conditions, the geranyl acetate yield reached up to 82 % after 6 h of transesterification reaction. The research on lipase operational stability indicated that this enzyme can be repeatedly used for four cycles without decrease in conversion. Moreover, a simultaneous geranyl acetate production and extraction in a bi-phasic system was studied. A significant transfer yield of 52.3 % was obtained after 2 h of reaction time. Simulation of the reaction product in a heterogeneous system was conducted by using two models. The results showed good correlation by using Fuller-Schettler-Giddings model (1966) . This model allows distinguishing the molecular diffusion mechanism of the reaction product, compared to the Willke-Lee model. Based on the obtained results, this study may guide us to the concept of a bi-phasic reactor that allows enhancement of the yield of production, by coupling the synthesis to the extraction of the desired product. 
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